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(57) ABSTRACT 
A communications system and method for transmitting digi-
tal information includes arranging a modulator to have an 
input bit stream of binary data and arranging a signal genera-
tor to generate four orthonormal hyper phase shift keying 
(HPSK) basis functions that are periodic functions with a 
duration T. A bit to symbol mapper is arranged to combine the 
bit stream and the HPSK basis functions to form a succession 
of 4-bit HPSK symbols for 16-HPSK, 5-bit HPSK symbols 
for 32-HPSK or 6-bit HPSK symbols for 64-HPSK, and a 
transmitter is arranged to transmit signals indicative of the 
HPSK symbols. A receiver is arranged to receive the signals 
from the transmitter and the HPSK symbols are demodulated 
with the HPSK basis functions to reproduce the bit stream of 
binary data. 
10 Claims, 7 Drawing Sheets 
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HYPER PHASE SHIFT KEYING 
MODULATION 
CROSS REFERENCE TO RELATED 
APPLICATION 
This application claims the benefit of U.S. Provisional 
Application No. 611114,413, filed Nov. 13, 2008 which is 
hereby incorporated in its entirety by reference. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
10 
2 
M-ary phase shift keying (MPSK) uses two orthononnal 
basis functions 
and 




This invention relates generally to digital communications 15 
and particularly to signal modulation techniques. Still more 
particularly, this invention relates to phase shift keying, which 
where A is the amplitude, fc =m/T with m being a positive 
integer and the basis functions are defined only for time 
values between 0 and T. The constraint on the frequency 
allows the two basis functions to be orthogonal to each other. is a digital modulation scheme that conveys data by changing, 
or modulating, the phase of a reference signal. 
2. Description of the Related Art 
In telecommunications, modulation is the process of vary-
ing a periodic waveform in order to use that signal to convey 
Additionally, Es represents the energy per symbol and 
20 equals A2T/2. The signals sn(t), where n=l, 2, ... , Mare 
written as 
a message or to transmit infonnation. Any digital modulation 
scheme uses a finite number of distinct signals to represent 
digital data. Phase shift keying (PSK) is a digital modulation 25 
scheme that conveys data by changing, or modulating, the 
phase of a reference signal (the carrier wave). PSK uses a 
finite number of phases, each assigned a unique pattern of 
binary bits. Usually each phase encodes an equal number of 
bits. Each pattern of bits fonns the symbol that is represented 30 
by the particular phase. In digital communications, a symbol 
(7) 
For quadrature phase shift keying (QPSK) where M=4, the 
probability of bit error using ML detection in AWGN is the 
same as is the same as in Equation (3) because QPSK in effect 
is two independent BPSK chaunels. Note that even though the 
bit error rates are identical, QPSK has twice the bandwidth 
efficiency of BPSK. is the smallest unit of data transmitted at one time. 
Traditional digital modulation techniques include binary 
phase shift keying and quadrature phase shift keying. Binary 
phase shift keying (BPSK) has only one basis function, which 35 
is expressed as 
The bit error probability for M-PSK in general is 
2 ((") 2Eb) Pb = --Q sin - log2M-. log2M M No 
(8) 
!/J(t) = H cos (ilrf,t), (1) 
where fc is the carrier wave frequency and T represents the 
symbol duration and the basis function is defined only for 
times between 0 and T. The BPSK waveforms, Sl(t)=-S2(t), 
are represented as 
(2) 
where Eb is the energy per bit. 
In the presence of zero mean additive white Gaussian noise 
(AWGN) with a variance of Nj2, the probability of bit error 
using maximum likelihood (ML) detection is 
where Eb is the energy per bit, and the Q function is 
1 r= 





40 Equation (8) is accurate when gray coding is used to code 
adjacent symbols. 
Another commonly used modulation is M-quadrature 
modulation (QAM), which is simply amplitude modulation 
over two quadrature channels. The bit error probability for 
45 M-QAM in general is 
50 
(9) 
In the simplest modulation schemes such as binary phase-
shift keying, only one bit of data (i.e., a 0 or I) is transmitted 
at a time depending on the phase of the transmitted signal. 
55 However, in a more complex scheme such as 16-QAM, four 
bits of data are transmitted simultaneously, resulting in a 
symbol rate (or baud rate) that is equal to one quarter of the bit 
rate. 
Owing to PSK's simplicity, it is widely used in existing 
technologies. The most popular wireless local area network 
60 (LAN) wireless standard, IEEE 802.llb uses a variety of 
different PSK techniques depending on the data-rate 
required. At the basic-rate of I Mbit/s, it uses differential 
BPSK. To provide the extended-rate of 2 Mbitls, DQPSK is 
used. In reaching 5.5 Mbitls and the full-rate of 11 Mbit/s, 
65 QPSK is employed coupled with complementary code key-
ing. The higher-speed wireless LAN standard, IEEE 802.llg 
has eight data rates: 6, 9,12,18,24,36,48 and 54 Mbitls. The 
US 8,064,541 Bl 
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6 and 9 Mbitls modes use BPSK. The 12 and 18 Mbitls modes 
use QPSK. The fastest four modes use forms of quadrature 
amplitude modulation. 
Because of its simplicity BPSK is appropriate for low-cost 
passive transmitters, and is used in radio frequency identifi- 5 
cation (RFID) standards such as International Organization 
for Standardization (ISO) 14443 which has been adopted for 
biometric passports, credit cards such as American Express's 
4 
FIG. 5 graphically illustrates Monte Carlo simulation 
results, the upper bound, the lower bound, and an useful 
approximation for 64-HPSK in accordance with one embodi-
ment. 
FIG. 6 graphically illustrates the theoretical bit error prob-
abilities for uncoded 16-PSK, 16-QAM, 16-HPSK, and 
8-PSK and useful approximations to theoretical bit error 
probabilities for 32-HPSK and 64-HPSK for the modulation 
techniques without using error correction codes in accor-Express Pay and many other applications. 
10 dance with one embodiment. 
SUMMARY OF THE INVENTION FIG. 7 graphically illustrates an error correction code block 
diagram in accordance with one embodiment. 
Embodiments in accordance with the invention provide a 
communications system and method for transmitting digital 
data using a modulation technique that has a lower error 
probability than prior art phase shift keying techniques for the 
same spectral efficiency. 
FIG. 8 graphically illustrates the Monte Carlo simulation 
15 results for 64-HPSK and 16-QAM using error correction 
coding in accordance with one embodiment. 
In one embodiment, a communications system includes: a 
modulator arranged to receive a bit stream of binary data 20 
input thereto, the modulator including a signal generator 
arranged to generate four orthonormal M-hyper phase shift 
keying (M -HPSK) basis functions that are periodic functions 
having with a duration T and a bit to symbol mapper for 
combining the bit stream and the HPSK basis functions to 25 
form a succession of 4-bit HPSK symbols for 16-HPSK, 5-bit 
HPSK symbols for 32-HPSK, or 6-bit HPSK symbols for 
64-HPSK; a transmitter connected to the mapper and 
arranged to receive the HPSK symbols and transmit signals 
indicative of the HPSK symbols; a receiver arranged to 30 
receive the signals indicative of the HPSK symbols from the 
transmitter; and a demodulator connected to the receiver and 
arranged to demodulate the HPSK symbols with the HPSK 
basis functions and reproduce the bit stream of binary data. 
In one embodiment, a method for transmitting digital infor- 35 
mati on includes: arranging a modulator to receive a bit stream 
of binary data input thereto; providing a signal generator 
arranged to generate four orthonormal M-hyper phase shift 
keying (M -HPSK) basis functions that are periodic functions 
with a duration T; providing a bit to symbol mapper for 40 
combining the bit stream and the HPSK basis functions to 
form a succession of 4-bit HPSK symbols for 16-HPSK, 5-bit 
HPSK symbols for 32-HPSK, or 6-bit HPSK symbols for 
64-HPSK; connecting a transmitter to the mapper and arrang-
ing the transmitter to receive the HPSK symbols transmit 45 
signals indicative of the HPSK symbols; providing a receiver 
arranged to receive the signals indicative of the HPSK sym-
bols from the transmitter; and demodulating the HPSK sym-
bols with the HPSK basis functions to reproduce the bit 
stream of binary data. 50 
Embodiments in accordance with the invention are best 
understood by reference to the following detailed description 
when read in conjunction with the accompanying drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 55 
FIG. 1 is a block diagram of an HPSK modulator in accor-
dance with one embodiment. 
FIG. 2 is a block diagram of an HPSK demodulator in 
accordance with one embodiment. 60 
FIG. 3 graphically illustrates the theoretical bit error prob-
ability and Monte Carlo simulation results for 16-HPSK in 
accordance with one embodiment. 
FIG. 4 graphically illustrates Monte Carlo simulation 
results, the upper bound, the lower bound, and an useful 65 
approximation for 32-HPSK in accordance with one embodi-
ment. 
FIG. 9 graphically illustrates the Monte Carlo simulation 
results for 64-HPSK and 8-PSK using error correction coding 
in accordance with one embodiment. 
FIG. 10 illustrates a HPSK modulated communications 
systems in accordance with one embodiment. 
DETAILED DESCRIPTION OF THE INVENTION 
Hyper Phase shift keying (HPSK) according to the present 
invention uses four orthonormal basis functions to modulate 
the information bits. The basis functions are: 
A 
(h(t) = ~cos(2.Jr(f, + 1/(2T))t) 
yE, 
A (fJ2(t) = ~ sin(2.Jr(f, + 1/(2T))t) 
yE, 
A 
(/J3(t) = ~sin(2.Jr(f, -1 /(2T))t) 
yE, 
A (fi4(t) = ~cos(2.Jr(f, -1/(2T))t) 
yE, 





is the energy per symbol transmitted and the basis functions 
are defined for time values between 0 and T and 
with k being a positive integer. 
Orthonormal functions have two qualities: they are nor-
malized to have unit energy and they are mutually orthogonal 
with each other. The following derivation shows the mutual 
orthogonality of the four HPSK basis functions of Equations 
(10)-(13). The orthogonality of the basis functions <P2 and <PI 
can be shown by noting that 
US 8,064,541 Bl 
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However, in HPSK the symbols are coded at various phases 
spaced around the surface of a four dimensional hypersphere. 
For example, the waveform is determined by a basis function 
weighting values 
(22) 
which, using some trigonometric identities, may be written as 
i
T 2iT sin(4Tr(f, + 1/2T)t) (h(t)(fi2(t) dlt = A dlt = O. (15) 
where Snl' Sn2' Sn3' and Sn4 convey the information to be 
transmitted as shown in Table 1 for M=16, Table 2 for M=32, 
10 and Table 3 for M=64. The vIm is approximated as 1.155 in 
Table 2. The v'24/9 is approximated as 1.633 in Table 3. 
o 0 2£, 
Equation (15) equals zero (i.e. the functions <P2 and <PI are 15 
orthogonal) under the condition that 
where k is a positive integer. Even if the carrier frequency 
does not exactly meet the condition, the first two basis func-
tions are still approximately orthogonal. 
20 
In a similar manner the rest of the basis functions are shown 25 
to be orthogonal. 
i
T 2iTCOS(4Tr/,tJ+COS(2TrtIT) (h(t)CP3(t)dlt=A dlt=O 
o 0 2£, 
(16) 
30 
rr 2 (Tsin(4Tr/,tJ-sin(2TrtIT) J
o 
CPl (t)CP4(t) dlt = A J
o 
2£, dlt = 0 
(17) 35 
i
T A2 iT sin(4Tr/,tJ - sin(2mIT) 
CP2(t)CP3(t)dlt=- dlt=O 




CP2(t)CP4(t) dlt = - dlt = 0 
(19) 40 
o £, 0 2 
(20) 
Equations (16) through (20) also equal zero under the same 
carrier frequency condition specified above. 
45 
HPSK has a positive frequency magnitude response that is 
proportion to two sin c functions sin c(x) centered at the 
carrier frequency minus half the symbol rate and the carrier 50 
frequency plus half the symbol rate where 
sin(Trx) 
sinc(x) = --, 
TrX 





As a result, HPSK requires a null-to-null bandwidth of3R. 
55 
60 
HPSK takes k=log2M bits at a time and passes them 65 
through a serial to parallel converter. Just as in MPSK, the 
symbols are coded at various phases in the signal space. 
TABLE 1 
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TABLE 3 


































































































































































































































































































































The binary bit stream values are either one or minus one. 
8 
An example of how an HPSK modulator 10 according to 
the present invention is implemented is shown in FIG. 1. A bit 
stream 11 is input to a serial to parallel converter 12. The 
output of serial to parallel converter 12 is input to a bit to 
symbol mapper 14 that weights the four HPSK basis func-
tions, shown in FIG. 1 as basis function generators 18, 20, 22, 
and 24 representing basis functions <PI through <P4' respec-
tively, to form symbols that represent the bit stream according 
to either Table 1, Table 2, or Table 3. After the summing of the 
10 weight basis functions in symbol mapper 14, the symbols are 
transmitted via a transmitter 16. 
FIG. 2 is a block diagram of an HPSK demodulator 20 that 
may be included in the present invention. A receiver 22 out-
puts a signal x(t) to an array of multipliers 24-27 that multiply 
15 x(t) by the basis functions <PI through <P4' respectively. The 
functions X(t)<PI(t), X(t)<P2(t), X(t)<P3(t) and x(t)<pit) are input 
to an array of correlators 28-31, respectively. The correlators 
28-31 provide their respective integrated signals to a switch 
array 34, which closes at time T to provide the four signals to 
a minimum Euclidean distance detector 36. The minimum 
20 Euclidean distance detector 36 selects the signal input that is 
closest to the received signal and forms a bit stream 38. 
At the demodulator 20 each symbol is correlated with all 
four basis functions (i.e. there are four correlators, although 
25 four matched filters would function in the same way) and 
sampled at time T. The minimum Euclidean distance (MED) 
detector estimates the signal that is sent based on the principle 
that the received signal should be closest to the sent signal. 
Therefore, the MED detector estimates the transmitted sym-
30 bol that is closest in the four-dimensional Euclidean space to 
the received signal. The process then repeats itself for the next 
symbol and so on. This MED detection procedure results in 
the lowest bit error probability for AWGN. 
To determine the bit error probability, the probability of 
35 correct symbol estimation is derived first. For M=16, the 
probability of estimating the correct symbol i given that sym-










Since the noise is independent between the four orthogonal 
demodulator channels, the conditional probability of estimat-




P(c Is;) = 1 - Q ------v:;;- . 
(23) 
The bits that are minus one correspond to zeros, and the bits 60 
that are plus one correspond to ones. Then all four basis 
functions weighted according to Equation (22) are multi-
plexed together to form the first symbol using either Table 1, 
Table 2, or Table 3 for M=16, 32, or 64, respectively (i.e. 
summed together). This multiplexing approach works 65 
because all four basis functions are mutually orthonormal. 
The process is repeated for each symbol. 
The probability of estimating a correct symbol is 
1 M P(C)=M~ p(cls;) 
(24) 
US 8,064,541 Bl 
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for equally likely symbols. Due to symmetry in the HPSK 
signal constellation, all of the conditional correct probabili-
ties are equal and P(c)=P(cI s,). The probability of a symbol 
error is one minus the probability of estimating a correct 
symbol. Therefore, the bit error probability using a gray code 5 
for 16-HPSK is 
1 ( ( (10g2 MEb ))4) Pb = -- 1 - 1 - Q --- . (25) 10 log2 M 2No 
This is the 16-HPSK probability of error shown in FIG. 3 
using the demodulator shown in FIG. 2 using gray coding as 15 
in Table I. 
To determine the probability of bit error for M=32, first the 
probability of symbol error is approximated by the first term 




To determine the probability of bit error for M=64, first the 
probability of symbol error is approximated by the first term 
in a tight union bound 
(30) 
where Nn is the number of nearest symbols in the constella-
tion, d2 is the Euclidean distance squared between a symbol 
and its nearest neighbors, and No is the one-sided noise PSD. 
For 64-HPSK, each symbol has three nearest neighbors with 
a Euclidean distance ofy8Ebl3 between each symbol. How-
ever, each symbol also has three more neighbors that are only 
slightly farther away, so gray coding is still not possible. The 
upper bound for 64-HPSK is, therefore, 
(31) 
25 The corresponding lower bound for 64-HPSK is 
where Nn is the number of nearest symbols in the constella-
tion, d2 is the Euclidean distance squared between a symbol 
and its nearest neighbors, and No is the one-sided noise PSD. 
For 32-HPSK, gray coding is not possible because each sym- 30 
bol has six nearest neighbors, and there are only five bits per 
symbol. Therefore, an upper bound and a lower bound are 
derived using (26). Simulation results fall approximately 
halfWay between these two bounds. The Euclidean distance 35 
between each of the symbols and its nearest neighbors is 
YIOEbI3. Therefore, an upper bound for 32-HPSK is 
(32) 
A useful approximation for 64-HPSK is the average of (31) 
and (32): 
(33) 
(27) 40 Thus (33) is an accurate approximation of the probability 
of bit error for 64-HPSK when compared to Monte Carlo 
simulation results where each value of EblNo in dB is simu-
lated for 1000 bit errors in FIG. 5 for the bit to symbol mapper 
values shown in Table 3. Notice that the approximation is 
extremely accurate for the probability of bit error <10-2 . An approximate lower bound for 32-HPSK is achieved if gray 45 
coding were possible, and this lower bound is The 8-PSK, 16-PSK, 16-QAM, 16-HPSK, 32-HPSK, and 
64-HPSK modulation techniques are compared using theo-
retical and Monte Carlo analysis for probability of bit error 
versus energy per bit to nose power spectral density ratio in (28) 
Therefore, a useful approximation for 32-HPSK is the aver-
age of (27) and (28): 
(29) 
Thus (29) is an accurate approximation of the probability 
of bit error for 32-HPSK when compared to Monte Carlo 
simulation results where each value of EblNo in dB is simu-
lated for 1000 bit errors in FIG. 4 using the bit to symbol 
mapper values shown in Table 2. Notice that the approxima-
tion is accurate as the probability of bit error approaches 10-5 . 
50 FIG. 6. Monte Carlo analysis simulates the probability of bit 
error many times and averages the results to predict modula-
tion performance. The 64-HPSK modulation technique is 
shown to have far superior bit error rates than 16-PSK and 
16-QAM versus energy per bit to noise power spectral density 
55 ratio while having the same spectral efficiency. 
Note that HPSK can perform well even when the noise and 
signal powers are of the same magnitude with the use of error 
correcting codes. Error correction codes refer to the ordering 
of input information bit streams so that redundancy is intro-
60 duced into the information data and errors can be self-cor-
rected after the demodulator. An error correction code block 
diagram is shown in FIG. 7. 
HPSK is an excellent modulation technique for energy-
limited scenarios like satellite communication. This is 
65 because due to the great distances involved between commu-
nication satellites and earth stations, the signal is often 
received with a degraded signal power. Additionally, HPSK 
US 8,064,541 Bl 
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has equal energy symbols, unlike 16-QAM that might cause a 
satellite amplifier to vary back and forth between saturation 
and over-saturation, which results in inter-modulation noise. 
FIG. 6 shows the theoretical bit error probabilities for 
uncoded 16-PSK, 16-QAM, 16-HPSK, 8-PSK, 32-HPSK, 5 
and 64-HPSK. HPSK clearly performs much better than the 
other traditional modulation techniques. This improvement in 
bit error probability occurs because of the four degrees of 
freedom that are possible using HPSK. Having four degrees 
of freedom does however result in increased receiver/de- 10 
modulator complexity as shown in FIG. 2. FIG. 6 shows bit 
error probabilities for the modulation techniques without 
using error correction codes. Further improvements in power-
limited environments can be achieved using error correction 15 
coding. 
FIG. 8 shows the Monte Carlo simulation results for 
64-HPSK and 16-QAM using error correction coding. The 
tremendous improvements in probability of bit error shown 
by 64-HPSK over 16-QAM are obtained at the same spectral 20 
efficiency. FIG. 9 shows the Monte Carlo simulation results 
for 64-HPSK and 8-PSK using error correction coding. The 
tremendous improvements shown by 64-HPSK over 8-PSK 
are obtained both in terms of probability of bit error and 
spectral efficiency. 25 
FIG. 10 illustrates an HPSK modulated communications 
system 100 in accordance with one embodiment. In one 
embodiment, HPSK modulated communications system 100 
includes an HPSK modulator 10 earlier described that 
receives an input signal 11. HPSK modulator 10 generates 30 
and transmits an HPSK modulated signal 17 as earlier 
described herein over a transmission channel. In one embodi-
ment' HPSK modulated signal 17 is received by HPSK 
demodulator 20 and demodulated to obtain an output signal 
38 as earlier described herein. 
What is claimed is: 
1. A communications system comprising: 
a modulator arranged to receive a bit stream of binary data 
input thereto, the modulator comprising: 
a signal generator arranged to generate four orthonormal 
hyper phase shift keying (HPSK) basis functions that are 
periodic functions having with a duration T, and 
35 
40 
a bit to symbol mapper for combining the bit stream and the 
HPSK basis functions to form a succession of 4-bit 45 
HPSK symbols for 16-HPSK, 5-bit HPSK symbols for 
32-HPSK, and 6-bit HPSK symbols for 64-HPSK; 
a transmitter connected to the bit to symbol mapper and 
arranged to receive the HPSK symbols and to transmit 
signals indicative of the HPSK symbols; 
a receiver arranged to receive the signals indicative of the 
HPSK symbols from the transmitter; and 
a demodulator connected to the receiver and arranged to 
demodulate the HPSK symbols with the HPSK basis 
functions and reproduce the bit stream of binary data, 
wherein the HPSK basis functions are 
A (h(t)= ~cos(2.Jr(f,+I/(2T))t) 
yE, 








A (P,(t) = ~ sin(2.Jr(f, -1 /(2T))t) 
yE, 
A (fi4(t) = ~cos(2.Jr(f, -1/(2T))t) 
yE, 
where A is the amplitude and 
is the energy per symbol. 
2. The communications system of claim 1 wherein the data 
input to the modulator is a serial bit stream, the HPSK modu-
lator further comprising: 
a serial to parallel converter arranged to provide a parallel 
bit stream to the bit to symbol mapper. 
3. The communications system of claim 2 wherein the 
demodulator comprises: 
four correlators for correlating each received HPSK sym-
bol with the four HPSK basis functions. 
4. The communications system of claim 3 wherein the 
demodulator further comprises: 
a sampler that samples signals output from the correlators 
at time intervals equal to the duration T of the basis 
functions. 
5. The communications system of claim 4, wherein the 
demodulator further comprises: 
a minimum Euclidean distance detector arranged to and 
estimate which of the correlator output signals is closest 
to the signal received by the receiver. 
6. A method for transmitting digital information compris-
ing: 
arranging a modulator to receive a bit stream of binary data 
input thereto; 
providing a signal generator arranged to generate four 
orthonormal hyper phase shift keying (HPSK) basis 
functions that are periodic functions with a duration T; 
forming the HPSK basis functions as 
A (h(t) = ~cos(2.Jr(f, + 1/(2T))t) 
yE, 
A (fJ2(t) = ~ sin(2.Jr(f, + 1/ (2T))t) 
yE, 
A (P,(t) = ~ sin(2.Jr(f, -1 /(2T))t) 
yE, 
A (fi4(t) = ~cos(2.Jr(f, -1/(2T))t) 
yE, 
where A is the amplitude and 
is the energy per symbol; 
providing a bit to symbol mapper according to Table 1, 
Table 2, or Table 3 for combining the bit stream and the 
HPSK basis functions to form a succession of 4-bit 
HPSK symbols for 16-HPSK, 5-bit HPSK symbols for 
32-HPSK, or 6-bit HPSK symbols for 64-HPSK; 
US 8,064,541 Bl 
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connecting a transmitter to the mapper and arranging the 
transmitter to transmit signals indicative of the HPSK 
symbols; 
providing a receiver arranged to receive the signals indica-
tive of the HPSK symbols from the transmitter; and 
demodulating the HPSK symbols with the HPSK basis 
functions to reproduce the bit stream of binary data. 
7. The method of claim 6 wherein the data input to the 
modulator is a serial bit stream, the method further compris- 10 
ing: 
providing a serial to parallel converter arranged to provide 
a parallel bit stream to the bit to symbol mapper. 
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8. The method of claim 6 further comprising: 
forming the demodulator to include four correlators for 
correlating each received HPSK symbol with the four 
HPSK basis functions and able to decode error correc-
tion codes. 
9. The method of claim 6 further comprising: 
sampling signals output from the correlators at time inter-
vals equal to the duration T of the basis functions. 
10. The method of claim 6 further comprising: providing a 
minimum Euclidean distance detector arranged to and esti-
mate which of the correlator output signals is closest to the 
signal received by the receiver. 
* * * * * 
